Abstract Lung cancer is the leading cause of cancer-related death worldwide, and squamous cell carcinoma is the second most frequent histological subtype. The improvement registered in the last years in the treatment of non-small cell lung cancer is attributable in part to the concept of personalized therapy, and to the possibility to transfer biological discoveries into clinical practice. Major changes have mainly characterized the adenocarcinoma histology, with the detection of the EGFR mutation and the EML4-ALK translocation, targeted by specific tyrosine kinase inhibitors. Despite its interesting oncogenic profile, squamous carcinoma is not the most appropriate example of "druggable disease", as it is characterized by deplorable results, often with a huge toxicity profile and without any benefit in terms of overall survival. At the present time, cytotoxic drugs are still the only treatment options for patients with advanced squamous cell carcinoma. Recent advances in the molecular characterization of squamous carcinoma have identified mutations and alterations, and clinical trials are ongoing to target these changes.
Introduction
Lung cancer is the leading cause of cancer-related death worldwide, with 1.4 million of deaths estimated in 2010 [1] . Approximately 85 % of the newly diagnosed lung cancers are non-small cell lung cancer (NSCLC) and, among these, 30 % are squamous cell carcinoma (SCC) [2] . The incidence of this histology has become less common over the last decades, as a consequence of changes in smoking habits and cigarette manufacture, but it is still responsible of 40,000 deaths annually in the United States [3] .
Recent advances in NSCLC drug development have introduced histology as an important key factor in the therapeutic strategy, and the simply dichotomy of small cell lung cancer (SCLC) and NSCLC is already outdated. Moreover, the possibility of targeting the activating epidermal growth factor receptor (EGFR) mutations and the anaplastic lymphoma kinase (ALK) translocation has led to a marked change in the treatment of a subgroup of patients who are mainly diagnosed with adenocarcinoma, which is the most common type of lung cancer [4, 5] . These two alterations are not present in SCC; consequently, the targeted agents against these genomic alterations are largely ineffective for these patients.
In the past years, the attempt to introduce multi-target tyrosine kinase inhibitors (TKIs) and vascular endothelial growth factor receptor (VEGFR) inhibitors in the treatment of patients with advanced NSCLC showed an increased toxicity without significant benefit (often with a detrimental effect) in patients with the squamous subtype [6] [7] [8] .
Recently, The Cancer Genome Atlas (TCGA) Research Network conducted a comprehensive study of lung SCC, with the aims of characterizing the genomic and epigenomic landscape of this cancer and identifing potential therapeutic opportunities. An integrated analysis, based on DNA copy number, somatic exonic mutations, messenger RNA sequencing, mRNA expression and promoter methylation, was performed in 178 SCCs. A large number and variety of DNA alterations were described, with a mean of 360 exonic mutations, 323 altered copy number segments and 165 genomic rearrangements per tumor. This project demonstrated that SCC is characterized by a higher mutation rate compared with adenocarcinoma, with a mean somatic mutation rate of 8.1 mutations per megabase (Mb) versus 3.5 mutations per Mb [9••, 10] .
The most common alterations discovered in SCC involve  the following genes: CDKN2A, PI3KA, PTEN, FGFR1,  EGFR, PDGFRA, CCND1, DDR2, BRAF, ERBB2,  FGFR2 (Table 1) .
This article aims to discuss those genetic alterations that could be a potential target for new biological drugs in patients with SCC.
The phosphoinositide 3-kinase pathway
The phosphoinositide 3-kinase (PI3K-AKT) is a signal transduction pathway that is crucial for cell survival, metabolism, motility and angiogenesis. The PI3K gene is found in the 3q26 amplified area, and its mutation encodes the alpha catalytic subunit of PI3K (p110α) of one of these kinases. The mutation rate of the PI3K gene in SCC, reported by the TCGA Network, was 16 %, not being mutually exclusive to EGFR or KRAS [9••, 11•, 12] . Several PI3K inhibitors are under investigation in clinical trials.
GDC-0941 (Genetech) is an oral selective pan-inhibitor of PI3K that inhibits common mutant forms of the PI3K p110α subunit. In two open-label Phase Ia studies (GDC4254g and GDC4255g), patients with advanced or metastatic solid tumors were treated with GDC-0941 as single agent. The maximum tolerated dose (MTD) of the drug administered daily for 21 days within a 28-day cycle is 330 mg, with no dose limited toxicities (DLT) observed. One DLT of grade 4 elevated troponin was reported in patients treated with GDC-0941 at the dose of 330 mg on a continuous day schedule. The only grade≥3 adverse event related to the study drug was one grade 3 hypokaliemia, while the other grade 1 and 2 adverse events described were: pneumonitis, nausea, diarrhea, rash, hyperglycemia and fatigue, with no deaths related to the study drug [13, 14] . Several Phase I and II clinical trials are still open for accrual (Table 2) . BKM120 (Novartis) is an oral pan-PI3K inhibitor active against wild type and mutant isoforms; a Phase I trial investigated the MTD and the safety of this molecule in patients with solid tumors. The MTD of the drug administered on a continuous daily schedule was defined as 100 mg/day on the basis of DLTs of mood alteration, hyperglycemia, epigastralgia and rash [15] . Currently, other clinical Phase I and Phase II studies evaluating DLT and safety of BKM120 monotherapy or in association with other agents are recruiting patients ( Table 2) .
PX-866 (Oncothyreon) is a synthetic derivative of wortannin, a natural furanosteroid metabolite product, isolated from a strain of Penicillium Wortmannii. It is responsible for an irreversible inhibition of PI3K, and in vitro and in vivo studies also demonstrated downstream of p-AKT, pS6 and p-mTOR. Hong and colleagues published the results of a Phase I study of PX-866 in patients with advanced solid tumors: the most common toxicity observed was diarrhea, mainly tolerable and well manageable, and in contrast to other PI3K inhibitors, no significant episodes of hyperglycemia and skin toxicity were reported. The recommended dose for a Phase II study was defined at 8 mg daily [16] .
The AKT1 protein
The v-akt murine thymoma viral oncogene homolog (AKT1) gene encodes for a protein kinase B, which is involved in the PI3K signaling [17] . The mutation E17K in this gene increases the activation of the PI3K pathway: this mutation was found in less than 1 % of lung SCC, while no cases are described in literature for adenocarcinoma [9••, 18] .
MK-2206 (Merck) is a potent, orally, allosteric inhibitor of AKT1, AKT2 and AKT3, demonstrating tumor activity at pre-clinic level. A Phase I study is evaluating the DLT, MTD and the tumor activity of MK-2206 in combination with gefitinib in patients with NSCLC who failed prior chemotherapy and EGFR-tyrosine kinase inhibitor ( Table 2) . CDKN2 Cyclin-dependent kinase inhibitor 2A, PI3KCA phosphoinositide 3-kinase, PTEN phosphatase and tensin homolog, FGFR1 fibroblast growth factor receptor 1, EGFR epidermal growth factor receptor, PDGFRA platelet derived growth factor receptor A, CCND1 cyclin D1, DDR2 discoid-domain-containing receptor 2, BRAF v-raf murine sarcoma viral oncogene homolog B1, ERBB2 v-erb-b2 erythroblastic leukemia viral oncogene homolog 2, FGFR2 fibroblast growth factor receptor 2
At the MD Anderson Cancer Center, the biomarker integrated targeted therapy study (BATTLE-2 Program) is enrolling patients with NSCLC who already received a firstline therapy. This is a Phase II, biomarkers driven study, in which patients are randomized in the arm which includes MK-2206 in association with erlotinib, or in association with AZD6244 (a MAP-extracellular signal-regulated kinase inhibitor) ( Table 2 ).
The phosphatase and tensin homolog
The tumor-suppressor gene PTEN encodes for the phosphatase and tensin homolog, which has a tumor suppressor role with the downregulation of the PI3K-AKT-mTOR pathway; the loss of PTEN activity leads to a hyperactivation of the pathway [19] . The ATLAS research network reported the mutation of PTEN in 15 % of SCC [9••] .
GSK2636771 (GSK) is currently tested in a Phase I/IIa in patients with advance solid tumors carrying PTEN deficiency (Table 2) . A Phase I study of pazopanib in association with everolimus is recruiting patients with loss of PTEN ( Table 2 ).
The insulin-like growth factor-I receptor
The insulin-like growth factor receptor (IGFR) is a cellsurface receptor with an intracellular tyrosine kinase domain. Its pathway is important in embryonic development, growth, metabolism, and in different tumor types, the abnormal activation of this signaling is described in literature [20] . The activation of the kinase domain of IGF-I or IGF-II stimulates downstream signaling, including the PI3K/AKT/ mTOR pathway and the RAS/RAF/MAPK one, promoting cell proliferation and inhibition of apoptosis [21] . The overexpression of IGF1R is more common in SCC than in adenocarcinoma; however, genetic activation of this pathway has not been reported [22, 23] .
Figitumumab (CP-751,871; Pfizer) is a fully human, IgG2 monoclonal antibody against IGF-1R; the combination of figitumumab with carboplatin and paclitaxel was investigated in a Phase II, randomized trial, in chemonaïve patients with advanced NSCLC. The objective response rate in patients treated in the experimental arm was higher than in the control arm (54 % versus 42 %), and promising activity was seen especially in SCC [24, 25] . The accrual in the Phase III trial for patients with NSCLC (squamous, large cell and adenosquamous carcinoma histology) was permanently suspended for futility, based on a planned interim analysis reporting an increased risk of early death in the experimental arm [26] .
Dalotuzumab (MK-0646; Merck) is a humanized IgG1 monoclonal antibody against IGF-1R that was investigated in a Phase I/II trial in previously treated patients with NSCLC. The most common adverse events were grade 1 or 2 gastrointestinal disorders, skin toxicities, metabolic and nutritional disorders [27] .
The accrual of patients in a randomized Phase II study of MK-0646/Placebo in combination with gemcitabine and carboplatin is already closed, but final data are not yet available.
The discoid domain receptor 2 kinase
The discoid domain receptor (DDR) is a tyrosine kinase that interacts with collagen and regulates cell adhesion, proliferation and extracellular remodelling [28] . The upregulation of DDR1 has been associated with an improved disease-free and overall survival in early stage NSCLC [29] . Mutations of DDR2 have been described in lung cancer, and the TCGA reported a 4 % rate in SCC [9••] .
In vitro and in vivo studies established that DDR2 mutant cell lines are sensitive to RNA interference and to dasatinib, a tyrosine kinase inhibitor used in the treatment of chronic myelogenous leukemia. In a Phase I/II clinical trial combining erlotinib and dasatinib, one patient with a SCC and DDR2 mutation exhibited a response to treatment after 2 months of therapy; the treatment regimen was continued for 14 months and then discontinued secondary to toxicities [30•] . According to these preliminary data, three Phase II trials are ongoing for patients with advanced NSLC: in one trial, there is no patient population enrichment and all NSCLCs are eligible, while in the others there is a selection for those patients with SCC, or for those harboring the DDR2 or the inactivating BRAF mutation (Table 2) .
Preliminary in vitro studies showed that imatinib and nilotinib are also able to inhibit DDR1 and DDR2; in cell lines, these drugs led to a clear reduction of DDR autophosphorylation, with a consequent significantly inhibition of DDR1 and DDR2 kinase activity [31, 32] .
The fibroblast growth factor receptor
The fibroblast growth factor receptor (FGFR) is a transmembrane receptor tyrosine kinase that participates in the regulation of embryonal development, cell proliferation, differentiation and angiogenesis; the downstream signaling cascade, transferring the signal to the nucleus involves either the Ras/MAPK or the PI3/Akt pathway [33•, 34] .
The FGFR family includes four members (FGFR 1-4), and tumor growth depends on FGFR1 activation; the amplification of this gene showed a correlation with cigarette smoking in a dose-dependent manner, and in resected lung SCC it represents a negative prognostic factor [35, 36] . The chromosomal region at 8p12 spanning the FGFR1 gene locus is amplified in up to 15 % of patients [9••] .
Nintendanib (BIBF 1120; Boehringer Ingelheim Pharmaceuticals) is an oral inhibitor of VEGF, FGF and platelet-derived growth factor receptors. In a Phase I study, the association of BIBF 1120 combined with carboplatin and paclitaxel in 26 advanced NSCLC chemonaïve patients, showed a MTD of 200 mg twice a day, with a toxicity profile characterized by gastrointestinal disorders (nausea, diarrhea and vomiting) and elevation of serum AST and ALT levels. Twelve patients achieved a partial response and two of these had SCC and one patient had a mixed large cell/squamous cell histology [37] .
A Phase I/II study is enrolling chemonaïve patients with SCC to receive cisplatin and gemcitabine with or without BIBF 1120 (Table 2) .
Other inhibitors of FGFR1 are under investigation in preliminary Phase I-II studies, including: AZD4547 (Astra Zeneca), BGJ398 (Novartis), E-3810 (Advenchen) and TKI258 (Novartis) ( Table 2) .
B-RAF
The B-RAF protein is a serine/threonine kinase that links RAS GTPases to downstream proteins of the MAPK family, which control cell proliferation; somatic mutations of BRAF were originally identified in melanoma [38, 39] . The mutations of B-RAF are associated with increased kinase activity, with a constitutional activation of MAPK2 and MAPK3, and they are mutually exclusive with EGFR and KRAS mutation [40] . Mutations are seen in around 4 % of patients with SCC [9••] .
Dabrafenib (GSK2118436, Glaxo Smith Kline) is a potent ATP-competitive inhibitor of BRAF kinase, whose activity has been described in patients with B-RAF mutant melanoma [41, 42] . A Phase II, non-randomized, open label trial in patients with NSCLC and BRAF mutations is still recruiting patients ( Table 2 ).
The sex-determining region Y-Box 2
The sex-determining region Y-Box 2 (SOX2) is a transcription factor that has an important role in embryogenesis, especially in squamous differentiation of the esophagus and lung [43] . SOX2 amplification and expression have been detected in preinvasive lesions of the lung, such as squamous dysplasia and carcinoma in situ [44] . The SOX2 gene is amplified in about 20 % of SCC; some studies reported an improved prognosis in patients with higher expression and amplification of this gene [9••, 45] . No SOX2 inhibitors are currently tested in clinical trials.
The epidermal growth factor receptor
Data about the presence of the activating EGFR mutation in SCC are still debated and controversial: the range of prevalence for this histology reported in literature is 1-15 % [46•]. The major confounding factor about these data is a misinterpretation of the histotype: poorly differentiated adenocarcinoma and squamous cell carcinoma can appear indistinguishable, mainly on small biopsies [47] . Another confounder is the nonaccurate diagnosis of the adenosquaomus carcinoma (representing 0.4-4 % of NSCLC), which cannot be reliable when achieved in small tissue fragments. Adenosquamous carcinoma harbor a spectrum of EGFR and KRAS mutations that is similar to adenocarcinoma [46•, 48] .
Rekhtman and colleagues evaluated 95 resected SCC for several activating mutations and none of these cases was positive for EGFR mutation; this result was confirmed in the study conducted by the TCGA Network. However, amplifications of EGFR were found in 7 % of cases, including the Leu861Gln EGFR mutations, which seems to confer sensitivity to erlotinib and gefitinib [9••, 46•] .
About 5 % of SCC presents the type III EGFR deletion mutant (EGFR vIII), resulting from a genomic deletion of exons 2 to 7, which causes a deletion in the extracellular domain, leading to a proliferative advantage in cells expressing these truncated receptors [23] . Preclinical data suggest that reversible EGFR inhibitors would not have significant activity against the vIII mutation [49] .
The poly (ADP-ribose) polymerase inhibitors
Poly (ADP-ribose) polymerase (PARP) is a nuclear protein that is activated when DNA is damaged, and PARP-1 is one of the most extensively studied of all the PARP family proteins [50] . The action of PARP-1 is essential in the repair of single-strand DNA breaks, predominantly through the base excision repair (BER) mechanism.
Since PARP proteins act as DNA damage "sensors", that allow a modulation of BER capacity, PARP is a potential target for inhibition of DNA repair. Modulation of poly-ADP ribosylation is therefore considered as a promising approach in clinical practice [51] .
However, little is known about the frequency and the impact of sporadic loss of PARP1 expression in NSCLC and the utility of PARP proteins as a biomarker in lung cancer remains to be established [52] .
Iniparib (BSI-201, Sanofi Aventis) is a molecule with very weak PARP-inhibitory properties and its real mechanism of action is yet to be elucidated [53] . Promising results from a Phase Ib trial about the activity of iniparib 5.6 mg/kg in association with carboplatin and paclitaxel were presented in 2011, showing an increased overall response rate compared with previous studies with carboplatin and paclitaxel alone. Three patients had a confirmed partial response; nine patients showed a stable disease, with only a progressive disease. The most common toxicities were grade 1-2 asthenia, anemia and nausea; grade 3-4 adverse events were exclusively neutropenia (13.3 %) and anemia (6.7 %) [54] .
At the 2012 IASLC (International Association for the study of Lung Cancer) worldwide meeting, the preliminary results of a randomized, open label Phase II trial of gemcitabine in combination with cisplatin, with or without iniparib 5.6 mg/kg in patients with advanced NSCLC were presented. The overall response rate for the iniparib arm was 21 % (with one complete response) and 26 % for the control arm, and no differences in response by subgroups were seen. The preliminary results of progression free survival showed a trend without a statistical significance in favor of the experimental arm with iniparib, while the toxicity profile of the combination of cisplatin, gemcitabine and iniparib was similar to that reported in the standard arm, with asthenia, nausea and neutropenia as most common adverse events [55] .
The data from these two studies and those from triple negative breast cancer showed a synergy between the chemotherapic agents gemcitabine and carboplatin and iniparib, with a good tolerance [56] . A platinum-based doublet represents the gold standard in the first-line treatment for squamous carcinoma: the ECLIPSE study, a Phase III trial for patients with advanced squamous cell lung cancer receiving a combination of carboplatin gemcitabine either with or without BSI-201, was conducted and has recently completed the accrual.
Conclusions
The treatment of lung cancer has been revolutionized, switching from a "one size fits all" approach to a personalized treatment. This new concept of personalized treatment is more common and successful in adenocarcinoma with the discovery of EGFR mutations and EML4-ALK translocation, while, until now, for SCC no alternatives to standard chemotherapy are available in clinical practice for the front-line treatment.
The interest and specific research of molecular diagnostics in SCC are continuously progressing, and over the last years many genomic alterations have been described, thanks to the development of next-generation genomic analyses. Recent data published by the TCGA Network are the first steps and the basis for the study of SCC genomic alterations, and although most of these mutation are identifiable in a small portion of patients, their discovery and the development of appropriate target agents could lead to an improvement in overall survival for these patients.
Many molecules are nowadays under investigation in Phase I and Phase II clinical trials, mainly with robust and promising preclinical data. Unfortunately, until now, no single Phase III trial evaluating targeted therapies had identified some benefits in the population of SCC, while a huge toxicity profile was frequently described for these patients.
In order to improve our knowledge about SCC and new therapeutic approaches, it is important that patients harboring specific molecular abnormalities such as PIK3CA mutations, FGFR1 amplifications and DDR2 mutations are enrolled in clinical trials testing the efficacy of new drugs specifically against these targets in this population.
Disclosure No potential conflicts of interest relevant to this article were reported.
References
Papers of particular interest, published recently, have been highlighted as:
• Of importance •• Of major importance
